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The values of interface states (NSS) and series resistance (RS) of (Ni/Au)–Al0.22Ga0.78N/AlN/GaN het-
erostructures were obtained from admittance and current–voltage measurements before and after 250 kGy
60Co irradiation. The analyses of these data indicate that the values of capacitance and conductance
decrease, as the RS increases with increasing dose rate due to the generation of NSS. The increase in
RS with increasing dose rate was attributed to two main models. According to the first model, it has been
attributed to a direct decrease in the donor concentration in semiconductor material as a result of the
elimination of shallow donor states. According to the second model, it is a result of irradiation because of
the formation of deep acceptor centers in the semiconductor bulk, and electrons from the shallow donor
centers are captured by these acceptors.
Keywords: radiation effect; interface states; series resistance; admittance technique; I–V measurements
1. Introduction
In real metal semiconductor (MS), metal insulator semiconductor (MIS) and high electron mobility
transistors (HEMTs), localized interface states exist at the metal/semiconductor (M/S) interface.
Therefore, the behavior of these devices is different from the ideal case due to interface states. The
reason for their existence is the interruption of the periodic lattice structure at the surface (1–5). Due
to a number of unique properties, AlGaN/GaN structures are very promising for high-power and
radiation-resistant microwave devices, particularly for HEMTs. Also, gallium nitride (GaN) and
related wide band gap semiconductor alloys are important for the fabrication of microelectronic
devices and are capable of reliable operation at high-power/bias voltage levels, and in high-energy
radiation environments (6–11). These devices find their main applications in significant radiation
exposure involving fields such as aerospace, military and nuclear applications. Studying the effect
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of radiation has been of interest to us, especially the electrical properties of semiconductor devices.
In satellite communication, these semiconductor devices have been exposed to rays. Since GaN-
based semiconductors are exposed to high-energy particles such as 60Co (γ -ray), high electrons,
neutrons or ions, lattice defects arising under these radiations could give new information about
the carrier conduction and polarization effect in such devices. These defects act as recombination
centers in trapping the generated carriers. A survey of the literature reveals that a large number
of studies have been reported on the effect of radiation on MS, MIS and HEMT structures (12–
22). The origins of these radiation-induced defects are not clearly understood, and thus further
studies are necessary to clarify the atomic structure of the defects. Therefore, it is interesting to
investigate the radiation damage defect centers introduced by irradiation and to study their effects
on the performance of these types of structures. Further, improvements in radiation resistance of
these structures are necessary for their widespread application.
The radiation response of the MS, MIS and HEMTs involves several different processes, each
with its own dependence on relaxation time, frequency, applied bias voltage, temperature, and
so on. Therefore, the overall radiation response of an MIS device is extremely complex. The
ionizing radiation interacts with the semiconductor to produce electron–hole pairs. Depending
on the kind of radiation incident and on the applied bias voltage/electric field, some fraction of
these electron–hole pairs will undergo an initial recombination process (12, 14). It is well known
that the electrons are much more mobile than the holes at the M/S interface. Thus, electrons are
either recombined with the holes or swept out of the insulator by the applied electric field in a
time on the order of 1 ps (12, 14, 19, 23), but the holes remain near their point of origin. Since
high-frequency (f ≥ 500 kHz) C–V and G/w–V measurements are relatively easily and rapidly
carried out, they could yield interesting and meaningful results.
In this study, we focus on the radiation-induced interface states and series resistance effect on
admittance (C–V and G/w–V ) and I–V characteristics of the (Ni/Au)–Al0.22Ga0.78N/AlN/GaN
heterostructures at room temperature before and after irradiation. The analysis of these data prove
that there is a reaction for extra recombination centers in the case of devices exposed to 60Co
(γ -ray) radiation under zero bias. The density of interface states profile was obtained from the
high–low-frequency capacitance method after irradiation. The main effect of the gamma radiation
is the generation of interface states with the energy level being within the forbidden band gap and
at the M/S interface. In addition, the measurement capacitance (C) and conductance (G/ω) are
corrected for the series resistance (RS) effect.
2. Experimental
The samples investigated in the present study were grown on C-face (0001) sapphire (Al2O3)
substrate by a low-pressure MOCVD reactor. Hydrogen was used as the carrier gas and trimethyl-
gallium (TMGa), trimethylaluminum (TMAl) and ammonia (NH3) were used as Ga, Al and N
precursors, respectively. Prior to the epitaxial growth, the substrate was cleaned in H2 ambient at
1100 ◦C. As shown in Figure 1, a 15 nm low-temperature (LT) AlN nucleation layer was grown at
840 ◦C with a 50 mbar reactor pressure. After the deposition of the LT-AlN nucleation layer, the
wafers were heated to a high temperature (HT) for annealing. For the samples, an approximately
0.60 μm HT-AlN buffer layer was deposited on the annealed nucleation layers at 1127 ◦C with
a 400 nm/h growth rate. After the deposition of buffer layers, an approximately 1.9 μm HT-GaN
layer was grown at 1040 ◦C. Finally, a 1.5 nm thick AlN interlayer, a 27 nm thick Al0.22Ga0.78N
barrier layer and a 3 nm GaN cap layer were grown at 1080 ◦C.All layers were nominally undoped.
For the contacts, since the sapphire substrate is insulating, the ohmic and Schottky contacts
were made on the top surface. The ohmic contacts were prepared by the evaporation deposition of














Figure 1. Schematic diagram of the (Ni/Au)/Al0.22Ga0.78N/AlN/GaN heterostructure and a view of ohmic and Schottky
contacts on the structures.
Ti/Al/Ni/Au (200Å/2000Å/300Å/700Å).After the metallization step, the contacts were annealed
at 850 ◦C for 30 s in N2 ambient in order to form the ohmic contact. The Schottky contacts were
prepared by the evaporation deposition of Ni/Au (300Å/500Å). Both the ohmic and Schottky
contacts were made on the top surface as 1.5 mm diameter circular dots. The forward and reverse
bias I–V measurements were performed by the use of a Keithley 2400 source meter. The C–V
and G–V measurements were carried out using an HP 4192A LF impedance analyzer at 500 kHz.
All measurements were performed in the dark before and after 60Co γ -ray source irradiation, and
the total dose range was 0–250 kGy at room temperature.
3. Results and discussion
3.1. Radiation-dependent C–V and G/w–V characteristics
The C–V and G/w–V characteristics of the (Ni/Au)–Al0.22Ga0.78N/AlN/GaN heterostructures,
before and after γ -ray irradiation, in the dose range of 0–250 kGy at 500 kHz are shown in
Figure 2(a) and (b), respectively. The three distinct regimes of inversion–depletion–accumulation
before and after γ -ray irradiation are shown in Figure 2(a). Both the C and G/ω values decrease
with increasing dose rate. As shown in Figure 2(a), the C–V curve shifts towards the negative
bias voltage with increasing irradiation dose and gives two peaks at depletion and accumulation
regions, respectively. The magnitude of these peaks decreases with increasing dose rate. The
irradiation dispersion in C decreases with increasing bias voltage. Contrary to the C value, the
G/ω value increases with increasing bias voltage. The admittance method (C–V and G/ω–V)
is based on conductance losses resulting from the exchange of the majority carriers between the
interface states and the majority carrier band of the semiconductor when a small AC signal is
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Figure 2. C–V and G/w–V characteristics of (Ni/Au)/Al0.22Ga0.78N/AlN/GaN heterostructures under different doses
measured at 500 kHz.
applied to the MIS-type devices (1, 4). These applied AC signals cause the Fermi level to oscillate
about the mean positions governed by the DC bias voltage, when the device is in the depletion
mode.
The magnitude of the series resistance (RS), which is the most important parameter, causes the
main electrical parameters. In order to extract the real RS of MIS-type structures, several methods
have been suggested in the literature (4, 24–26). In our calculations, we have applied the method
by Nicollian and Goetzberger (4). At sufficiently high frequencies (f ≥ 500 kHz), the interface
states cannot follow the AC signal because at high frequencies the carrier lifetime (τ ) is larger
than the measured period. Then, the admittance using the parallel RC circuit (4, 27) is equivalent
to the total circuit admittance Ym in the accumulation, as:
Ym = 1
Zm
= Gm + jwCm, (1)
where Cm and Gm represent the measured capacitance and conductance in the strong accumulation




In addition, the bias voltage dependence of the RS can be obtained from the measurements of
radiation-dependent C–V and G/ω–V data. The RS values of the (Ni/Au)/Al0.22Ga0.78N/AlN/GaN
heterostructures were calculated from Equation (2) as a function of gate voltage before and after
250 kGy 60Co (γ -ray) irradiation for 500 kHz (Figure 3). As seen in Figure 3, in depletion and
inversion regions, the value of the RS generally increases with increasing radiation dose and gives
a peak at about 3V, depending on the radiation dose, and disappears at a high dose. It is clearly
seen that the value of RS is dependent on both the applied bias voltage and radiation dose and
changes from region to region. Such a behavior of RS may be attributed to trap charges having
enough energy to escape from the traps located at the M/S interface in the semiconductor band
gap. Similar results have been reported in the literature (17, 28–31). Titov et al. (28) showed that
ion irradiation changes not only the concentration of free carriers but also the value of mobility of
carriers in GaN semiconductors. They also showed that both the carrier concentration and series




















Figure 3. The voltage dependence of the RS obtained from C–V and G/w–V data under different doses for 500 kHz at
room temperature.
resistance of the device increase with increasing doses. In addition, Feteha et al. (31) showed that
the value of ideality factor (n) and series resistance (Rs) values of a metal insulator semiconductor
solar cell increase with increasing dose rate due to an increase in radiation-induced defects. This
degradation could be due to the creation of a radiation defect which compensates for the positive
charges at the oxide/semiconductor interface and consequently leads to a reduction in the cell
efficiency through a reduction in the barrier height at the M/S interface. In light of the above
discussions, the increase in RS with increasing dose rate was attributed to two main models.
According to the first model, it has been attributed to a direct decrease in the donor concentration
in a semiconductor material as a result of the elimination of shallow donor states. According to
the second model, it is a result of irradiation because of the formation of deep acceptor centers
in the semiconductor bulk, and electrons from the shallow donor centers are captured by these
acceptors.
In order to obtain the real diode capacitance and conductance, the high frequency (500 kHz)
measured under forward and reverse biases at room temperature was corrected for the effects of









a2 + (ωCm)2 , (4)
where a = Gm − [G2m + (ωCm)2]Rs; Cm and Gm are the measured capacitance and conductance,
respectively. When the correction was made on the C–V and G/ω–V plots for the effect of RS ,
the values of corrected capacitance (Cc) increased with increasing bias voltage between −6 and
−2V. On the other hand, the value of C in the strong accumulation and inversion regions is
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Figure 4. The voltage-dependent plot of (a) the corrected capacitance curves for 500 kHz at room temperature and
(b) the corrected conductance curves for 500 kHz at room temperature.
independent of radiation. Conversely, the Gm/w–V and Gc/w–V plots exhibit an intersection
behavior at about 2V.
Figure 5 shows the density distribution profile of interface states (NSS) obtained from before

















where A is the area of the Schottky contact, q is the elementary electrical charge, Cox is the capac-
itance of oxide, CBR is measured capacitance before radiation and CAR is measured capacitance
after radiation. The advantage of this method comes from the fact that it permits determination of
many properties of the insulating interface layer, the semiconductor substrate and interface eas-
ily. In this method (32), the interface state density is extracted from its capacitance contribution
to the measured experimental C–V curve. Before radiation, there is no contribution to the total
capacitance due to radiation-induced interface states. As seen in Figure 5, the NSS–V plot gives
two peaks at about −6 and +1V values, respectively. Such behaviors of NSS have been attributed
to the particular distribution of the interface states at the M/S interface and in the semiconduc-
tor band gap and their reordering and restructuring after irradiation. The NSS distributions with
peaked structure have also been observed previously (33–36).
3.2. Radiation-dependent I–V characteristics
The forward and reverse bias I–V characteristics of the (Ni/Au)/Al0.22Ga0.78N/AlN/GaN het-
erostructures before and after irradiation are shown in Figure 6. As shown in Figure 6, the effect
of irradiation is clear, especially at the reverse bias region. On the other hand, both I–V character-
istics show that they are dominated by the series resistance at higher voltage values. It is seen that
after γ -irradiation in the structure, the leakage current has been decreased. The forward bias I–V
characteristics before and after irradiation is linear at a value between 0.1 and 0.8V. In contrast
to the low bias region, the I–V curves deviate considerably from linearity due to the effect of RS
when the applied bias voltage is sufficiently large (V ≥ 1V). Also, there is an interesting feature






















Figure 5. The density distribution profile of NSS obtained from before and after irradiation C–V measurements.
of the forward bias I–V plots: the intersection point at about 1.34V. It was found that the presence
of RS in the diode causes bending due to current saturation. Chand (37) reported that this crossing
of forward bias ln I–V plots for a homogeneous Schottky diode can only be realized in plots
with zero RS. Also, Osvald (38) showed theoretically that the existence of the RS is a necessary
condition of intersection ln I–V curves. For our sample, the value of RS is shown to play a crucial
role in effecting forward bias I–V plots of the (Ni/Au)/Al0.22Ga0.78N/AlN/GaN heterostructures
and shows the intersection behavior of the forward bias ln I–V plots. This behavior of the crossing
of ln I–V plots appears as an abnormality when seen with respect to the conventional behavior
of Schottky barrier diodes.
The measured forward bias I–V characteristics before and after irradiation were analyzed
according to the Schottky barrier thermionic emission theory (V > 3kT /q), as (3, 5):













where A is the diode area, A∗ is the Richardson constant and equals 31.45A/cm2 K2 for
(Ni/Au)/Al0.22Ga0.78N/AlN/GaN, q is the electron charge, V is the applied bias voltage, the
IRS term is the voltage drop across RS of the structure, k is the Boltzmann constant, T is the
temperature in Kelvin, n is the ideality factor, which is determined from the slope of the linear

























Figure 6. The forward and reverse bias I–V characteristics of (Ni/Au)/Al0.22Ga0.78N/AlN/GaN heterostructure before
and after irradiation.
The ideality factor refers to the linear part of characteristics where RS can be assumed to be equal
to zero. Also, the value of n is equal to unity for an ideal diode. However, the values of n are
greater than unity, and these high values of n can be attributed to the presence of the interfacial
thin native insulator layer, to a wide distribution of low Schottky barrier height (SBH) patches,
interface states and bias voltage dependence of the SBH (2, 3, 5, 22, 39). The value of reverse
bias saturation current (I0) is determined from the straight line intercept of ln(I ) at zero bias and
is given by:














The change in I0, n and bo before and after irradiation was found to be 7.6 × 10−9 A, 2.60 and
0.74 eV and 0.39 × 10−9 A, 1.93 and 0.82 eV, respectively. These results show that the values of
I0 and n decrease with increasing dose rate, but the values of bo increase with increasing dose
rate. It is clear that an apparent increase in the bo agrees with those in the literature (10, 17, 22).
In addition, RS versus V plots before and after irradiation were calculated by taking the derivate
(dV /dI ) of the resulting plots, which are shown in Figure 7. As shown in Figure 7, at sufficiently
high forward bias, the structure resistance approaches a constant value, and this value is the RS.
On the other hand, structure resistance is also a constant value at sufficiently high reverse bias,
and this value is the structure shunt resistance (Rsh). The analysis of both the admittance (C–V
and G/w–V ) and I–V data (except for after the intersection point) indicates that the values of
RS have increased after γ -irradiation. This increase can be attributed to the irradiation-induced

















Figure 7. The RS–V plots of the (Ni/Au)/Al0.22Ga0.78N/AlN/GaN heterostructures obtained from I–V data before and
after irradiation.
defects because the defects are created in the crystal lattice due to γ -irradiation. Similar results
have been obtained recently in the literature for Schottky barrier diodes (22, 31, 40, 41).
4. Conclusion
The effect of 60Co (γ -ray) irradiation on the electrical characteristics of (Ni/Au)–
Al0.22Ga0.78N/AlN/GaN heterostructures has been investigated using admittance (C–V and
G/ω–V) and I–V measurements at room temperature. The values of C and G/ω decreased
with an increase in dose rate. The measurements of C and G/ω are corrected for the effect
of RS. The bias voltage-dependent density distribution of the NSS profile of the (Ni/Au)–
Al0.22Ga0.78N/AlN/GaN heterostructures was obtained from before and after C–V measurements.
In addition, the bias voltage-dependent RS profile of the (Ni/Au)–Al0.22Ga0.78N/AlN/GaN het-
erostructures was obtained from both the admittance spectroscopy method (C–V and G/w–V )
and I–V measurements in the forward and reverse bias regions before and after irradiation.
Experimental results show that the value of the RS generally increases with increasing radi-
ation, especially at the reverse bias region. On the other hand, the RS value is dependent on
both the applied bias voltage and radiation dose, and changes from region to region. This
increase can be attributed to the irradiation-induced interface states in the semiconductor crys-
tal after irradiation. It is clearly shown that we may easily derive the voltage-dependent RS
values from these two methods. In particular, the admittance technique is based on DC bias
voltage-dependent complex admittance measurements at a fixed frequency and temperature. The
main advantage of these two methods is that they are very easy to use and yield an accurate
set of information on variation of NSS and RS. In conclusion, the main effect of the radiation
is the generation of interface states with energy level within the forbidden band gap and at the
M/S interface.
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